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Foreword
It is a pleasure and an honor to offer a few words of forward to Brian Warner's guide to photometry. In his preface, he makes a considerable point about amateurs and professionals, and those who dare or deign to step across the line supposedly dividing the two. Here I would like to make a few observations about the two monikers, and suggest that there is not, or at least should not be, a distinction between "amateur" and "professional." In preparing these remarks I referred to Webster's New Collegiate Dictionary (1960 edition; not so new anymore, but that was when my collegiate experience began): am´a·teur, n. [F., fr. L. amator lover, fr. amare to love.] 1. One who cultivates a particular pursuit, study, or science, from taste, without pursuing it professionally; also, a dabbler. 2. In sports and esp. athletics, one who is not rated as a professional.
Well... a "dabbler" eh? "not rated as a professional"? No wonder we have an identity problem here. Somehow in my youth as an amateur astronomer I missed this connotation of the term. To me, the meaning of the term amateur was dominated by its root, "to love," that is, one who does what he does out of love of the subject, not for remuneration (to the extent one can get away with that). In that context, most "professional" astronomers I know are also "amateurs": they love what they are doing and choose the profession primarily for that reason, not how much money they could earn. Indeed, I have often advised students that if they are smart enough to eke out a living in astronomy they are smart enough to get rich quick in some other field, thereby freeing themselves a bit later in life to become a "gentleman astronomer."
This brings me to another perspective on "amateur" versus "professional." Most folks need to earn a living somehow, so almost every "amateur" astronomer is a "professional" at something else. And curiously, most of us who call ourselves "professional" astronomers are amateurs in other fields that are essential to our pursuits. This basic fact of life further blurs the distinction between amateur and professional, in any field. Indeed, my own graduate training is as a theoretician. I have never taken a single course in observational astronomy. So as an observer, I'm one of you, an amateur, self-taught in my own backyard. Another conspicuous example is computer programming. "The other Brian Warner," author of this book, is a professional when it comes to software development, and writing for that matter, talents many of my "professional" astronomer colleagues sorely lack. A result of this is that there are software packages out there, written by professional software writers for the amateur community that are far more powerful, efficient and user-friendly than their "pro" counterparts. The people who wrote them may be "amateur" astronomers, but they are highly professional in their computer skills. Amateurs now have at their disposal computer tools for telescope pointing, focusing, data taking, and reduction that far surpass what is in use at most professional observatories. You'll find several such packages mentioned and described in this book.
I'll now turn to a bit of history. In the late 1990's, my colleague Ted Bowell and I noted that there was a dearth of activity among American amateur astronomers in minor planet (asteroid) observing, compared to various overseas observers, notably in Japan and Italy. Ted had just been to an amateur meeting in Italy and was favorably impressed by their organization and activities. We decided to organize a meeting of amateurs and professionals engaged in asteroid observations to try to stimulate interest in the amateur community in the United States. The meeting was hosted at Lowell Observatory in Flagstaff, AZ, 23-24 April, 1999 . I think we were successful in stimulating interest.
During the meeting, it became apparent, to me at least, that a key to amateur participation was the availability of understandable and user-friendly computer tools. At that time, amateur participation in asteroid work was mainly in astrometry, aided by the program Astrometrica, written by Herbert Raab of Linz, Austria. This program allowed amateurs to do positional astrometry on asteroids in a friendly environment without having to understand fully every detail of the process (n.b., this is not the same as "in a state of ignorance"!). At the time of the Flagstaff meeting, I commented that in order to get amateurs involved in photometric observations of asteroids, what was needed was a Photometrica program.
In the years since that time, Photometrica, admittedly not by that name, has been written, in fact in several versions, as cited in this book. One is Warner's own Canopus program, and this book serves as a companion for observers who want to learn the game of asteroid or variable star photometry, using either Canopus or one of the several other options mentioned in the book. I think with the development of these user-friendly programs, and now with the publication of this book, CCD (charge-coupled device) photometry for amateurs has come of age, and I look forward to the contributions that will inevitably follow.
Preface
Pardon the "D" in the author's name on the cover (it stands for "Dale" by the way). I'm the other Brian Warner. The real Brian Warner is the famous and distinguished one. He's the author of High Speed Photometry and Cataclysmic Variable Stars. There yet is another Brian Warner. He goes by the stage name of Marilyn Manson. I've received some very strange phone calls late at night from some of Manson's fans. "No, I'm the other Brian Warner." The disappointment at the other end was nearly devastating. So, I use the "D" to make sure it's clear who I am and so that you won't think I'll break out into song at any moment.
The real Brian Warner and I do have something more in common than our names: a deep interest in lightcurves. My interest is not so much in cataclysmic variables but asteroids and eclipsing binaries. When I was in junior high school, I had hopes of being a professional astronomer someday and specializing in close contact binaries. Many years have passed and I'm not a professional astronomer. However, I do still occasionally observe eclipsing binaries as a nearly full-time "gentleman astronomer."
My first efforts in asteroid lightcurves began in the 1970s when I worked with the late Terry Schmidt at his Tiara Observatory in South Park, CO (yes -the South Park). It was my great fortune to leave my small telescope out on the porch on a day he was walking around the new neighborhood. He spotted the scope and knocked on the door. That started a 25-year friendship with Terry as my astronomy mentor. One of my three asteroid discoveries, 34398 Terryschmidt, is named in his honor.
I was pleasantly surprised at the popularity of the first edition of the Practical Guide, and so I want thank everyone, the reviewers especially, who embraced the book. As with any book on a complex topic meant for the reader with a beginner to intermediate technical understanding of the topic, the first edition covered some things in less detail than it might have and certainly left many things out. That's what second editions are for: to keep the material fresh, fill in gaps from the first edition, and tell of new ways to approach old problems. These are goals for this second edition in addition to, of course, being a recruiting tool to bring more people into the exciting field of photometry and lightcurve analysis.
Since the first edition, I've developed and learned of what I believe are easier and more straightforward methods for reducing data, the process that is probably the biggest "monster" the beginning photometrists encounters, or at least fears. Those methods are presented in this second edition in lieu of those from the first. I could include both sets but that would increase the size of the book beyond what the editors would allow and, more important, would serve more to confuse than help the reader. The original methods follow those described in other well-known texts such as Arne Henden and Ron Kaitchuck's Astronomical Photometry, which should be on the shelf of any photometrist, no matter what level.
Along with changes in the reduction methods come those to the observing guidelines. The second edition has streamlined those so that you can go to the telescope with a much clearer game plan and so concentrate more on getting data of your target than on wondering if you're doing the right thing in the right way. You'll still find information about analyzing lightcurves, asteroid and eclipsing binary -after all, the title does include "Analysis."
You'll also get some more insight about measuring images; in particular, how aperture sizes affect data. When trying to reach a higher level of work, you need to understand some of the finer details -without necessarily having to know the math or hard theory involved -so that you can use your software to the best of its ability. As I noted in the first edition, never trust a computer. Just because it gives you an answer doesn't mean you shouldn't question it. The more you know about what's involved in getting good data, the better a scientist you will be.
I'll keep this brief, so before I conclude, I want to thank Alan Harris, Arne Henden, Richard Binzel, and Petr Pravec again for their continuing support. I also want to thank Robert Buchheim and Richard Miles. Both have contributed enormously to my understanding of photometry's "dark side" and alternate methods. Their knowledge and generosity made this second edition far more complete than it might have been otherwise.
A number of people read the revised manuscript, trying to make sure that the material was both clear and accurate. They were Richard Binzel, Robert Buchheim, Robert Stephens, Robert Koff, Jerry Foote, and Greg Crawford. My thanks to them for finding the glaring errors. Any that remain are solely my responsibility.
Thanks to John Watson of Springer for taking the proposal for a second edition to the editorial board for its approval as well as his suggestions. Thanks also to Dr. Harry Bloom and Christopher Coughlin, also of Springer, for taking on the task of dealing with a writer who was forever the frustration of his English teachers. Without them, there would have been no second edition. Getting Started I'm often asked by those who don't do lightcurve work why they would ever want to do so? I can't imagine not wanting to do science with one's camera and telescope. However, we each had our own passions and reasons that led us into astronomy, and so while I may think, "Why not?" my answer should be something more. After all, as children there was nothing more frustrating than our mother's reply, "Because!" when we asked why we couldn't have another cookie.
You're probably familiar with the story about the three blindfolded men who each touched a different part of an elephant and then were asked what they had touched. The man who was lead to the tail replied, "It is a rope". The second man, who touched the elephant's hide, said "It is sandpaper". The third man, after touching the trunk, exclaimed, "It is a snake." Three points of view based on only the sense of touch.
In a somewhat similar way, astronomers have tried to decipher the Universe. Unlike the three men, they can see the Universe but they cannot touch it, and what they see is often so far away and so faint that getting good data is difficult at best. Despite the obstacle of distance, astronomers have found ways to learn more and more from a very small amount of data, eventually being able to describe the Universe by "touching" enough of its parts and correlating theory against what's been learned on planet Earth. By examining only the pinpoint of light from a star with various instruments and analyzing the data, an astronomer can tell you the temperature and size of a star thousands of light-years away. He can tell you if it has strong magnetic fields, if it is surrounded by a ring of gas or dust, and even if it has large sunspots. If the star is a binary, two stars circling around a common center of mass, he may even be able to tell you how much each star weighs. All of this and more are possible by studying a single point of light.
How does photometry come into this? As you'll see in the next section, photometry is measuring an object's brightness. If the object changes brightness over time and you get enough data, you can plot the changes against time (or other parameters). This is a lightcurve. In the case of the binary star, the lightcurve can reveal the relative sizes of the two stars, their distances from one another, the shape of the orbit, the inclination of the orbit, whether there are star spots, and if there is matter being exchanged between the stars. If the lightcurve is measured through different color filters, the temperatures of the stars can be estimated. All of this and more is possible by studying a single point of light.
What of my favorite targets, asteroids? A lightcurve of an asteroid can reveal the rate at which it rotates and whether it rotates about a single axis or is "tum-bling" like a brick tossed into the air. From a lightcurve it's possible to tell if the asteroid has a companion satellite and, if so, its distance from the primary and the relative size of each. If one gets several lightcurves over time, the shape of the asteroid and the orientation of its spin axis can be found. By imaging the asteroid in several colors, it's possible to determine the likely composition of its surface. All of this and more are possible by studying a single point of light.
That we can learn so much from nothing more than studying a pinpoint of light in the night sky never ceases to amaze me. It makes the Universe even more magical and tells of our capacity for imagination and to act on new ideas with new technology. We started with our eyes -very inefficient collectors of photons, then moved to film -only slightly better, and now have CCD and other imaging devices that can peer to the very edge of the Universe.
The ability to study the night sky is not reserved for an elite few. With the advent of commercially available telescopes and CCD cameras, it's possible for anyone to do science. Armed with a slightly larger than average scope and CCD camera, the backyard astronomer can image stars and galaxies fainter than the 5-meter Hale telescope did back in the day of film and plates. To me, that's nearly unimaginable but true all the same.
The mere fact that one can learn so much from so little may not be motivation enough for one to turn one's efforts away from taking so-called "pretty pictures" and pursue science. One may think it too hard, that one can't do anything useful, and that there is little recognition for such work. None of these could be further from the truth. Yes, there can be some steep learning curves -one of this book's aims is to flatten and shorten those curves as much as possible. The list of useful work that the backyard astronomer can do is getting longer, not shorter. Granted, some things once on the to-do lists have been dropped because the professional community can do a better job with terabyte-generating surveys. However, old opportunities usually give way to new ones. If you're looking for your name in lights, that's probably not going to happen. However, on the whole, the professional community welcomes amateurs who can establish a minimum quality of work. Quite often professionals are nearly desperate for help from a community of observers not tied to government funding, with nearly unrestricted telescope time, who have developed automated/robotic observing to an art form. Believe me, there is quite a thrill seeing your name as a co-author on a paper of significant findings in a professional journal. It's even more a thrill if you happened to make the initial discovery that leads to the results.
Some people like solving puzzles. Taking and measuring images is like opening the box to one of those large puzzles with hundreds of pieces. Analyzing the lightcurve is akin to fitting those pieces together. If you've ever slipped that last piece into place after hours of work, then you know something of the feeling when you finally get the last set of data that allows you to determine the period of an asteroid or model a binary star.
Even if you're not firmly convinced, give science a try -maybe just one or two nights a month. Don't try to prove Einstein wrong right off the bat but simply measure the brightness of some variable stars and turn in your results, you'll learn where later. You don't have to give up everything else, and maybe, just maybe, you'll find yourself spending more time doing science than not.
Obtaining and analyzing lightcurves is just one of many ways to do science with your telescope. So, while this book may be dedicated to a particular aspect of research, don't be afraid to explore other avenues such as spectroscopy and radio astronomy. Don't forget that you can do more than one thing, too. Those pretty pictures can be analyzed for their scientific value as well.
For those with the opposite point of view -all science all the time, try taking some pretty pictures some time. Then you'll remember what got you hooked on astronomy in the first place. Once in awhile I'll end a night's run by taking shots of galaxies and clusters -not to see if there is a supernova or for some other scientific reason -but because sometimes all those single points of light should be admired for their beauty and wonder alone.
1.1
What Is Lightcurve Photometry?
Simply put, lightcurve photometry is measuring the variations in brightness of an object over time for the purpose of plotting and analyzing the data. Those changes can be caused by a rotating object such as an asteroid or by one star passing in front of another, as happens with an eclipsing binary star. Internal changes within a star also lead to changes in its light output. Pulsating stars like Cepheids and long-period variables (LPVs) are just some examples. It's a subtle distinction, but finding a lightcurve means only to plot the data you obtain, usually as magnitude or flux versus time or phase. It does not mean that you determine the period, amplitude, or reason for the variations. For the purposes of this book, I'll expand the definition to include finding the period and amplitude of the lightcurve plot. The reasons for the changes -at least beyond the obvious one of rotation -are best left to the more detailed and technical books listed in the Bibliography.
The goal is to give you enough of the basics to obtain and measure images, plot the data, and attempt to find a period and amplitude of the curve. For an asteroid that's about the most you can tell from a single curve. A number of curves over a short period, usually successive nights, might reveal that the asteroid is a binary by small unexpected "dips" in the general lightcurve. Numerous curves over months or years can lead to a determination of the asteroid's shape and spin axis. As for eclipsing binaries, a wealth of information can be learned just by analyzing their lightcurves. In the analysis section of the book, I'll show some examples using a program that converts lightcurve data into a model of a binary system.
What Lies Ahead
In the pages to come, you'll learn some of the reasons that you should consider doing lightcurve photometry and analysis by looking at some specific projects that you can undertake. Before you can take images, you should understand some of the fundamentals about photometry. If you don't understand at least the basics, it's hard to analyze your work critically and find areas where you can improve. This material is in Chapter 4, "Photometry Fundamentals."
In "Photometric Reductions," Chapter 5, you'll learn some of the theory and actual steps of reducing your raw magnitudes to a standard system. Chapter 7, "Telescopes and Cameras," takes a look at telescope and CCD camera basics. There are some important decisions to make if you don't already have one or both and some good advice even for those who do.
The right equipment doesn't help if you don't have the software to use it. Most CCD cameras come with camera control software and are good for gathering images. However, if you want to be able to sleep while your telescope works, you need to learn a bit about automation and the capabilities of various packages in that regard. Also, there are specific points to consider when it comes to photometry software. In "Imaging and Photometry Software," Chapter 8, I'll cover some things you should keep in mind when making your software purchases or expanding your current operation.
You start the actual work of acquiring data with Chapter 9, "Collecting Photons," where you'll learn the essentials for when working the telescope and camera. That chapter also covers measuring images and reducing to standard magnitudes. This chapter and Chapter 4 differ from the first edition most of all. New approaches have been developed since the first edition for reducing instrumental magnitudes to a standard system. I believe you'll find these more straightforward and easier to master. Furthermore, they simplify the routines you'll follow at the telescope so that you can spend more time working your target.
"Analyzing the Data," Chapter 10, is short but important in that you learn how to look at the data to assess its quality. Bad data makes for bad results. Once you're sure of the data, then you can analyze the asteroid or variable star lightcurve.
The basics of "Period Analysis" are covered in Chapter 11. You'll soon learn that most asteroids and many binary stars are not well behaved and don't produce simple curves. Getting a period out of the data can be as difficult as squeezing the proverbial blood of out of a turnip. However, with practice and skill, you'll soon be proficient.
In Chapter 12, "Building Star Systems," you'll see how that simple lightcurve can be converted into a model of a binary star. There are many tricks to this process, the most important being to understand how changing just one parameter of a system changes the theoretical lightcurve. When you understand those parameter changes versus effects, matching the theoretical curve to your curve becomes much easier.
The book closes with "Publishing Your Data and Results," which gives information about publishing your data. This is a step that's every bit as important as gathering the data in the first place.
In the appendices there are detailed examples of reducing to standard magnitudes, using Microsoft Excel ® , star charts for both Landolt primary and Henden secondary fields which are used for finding system transforms. Something new this time around is a set of data for blue-red pairs from the Hipparcos and Sloan Digitial Sky Catalogs that you can use for first-and second-order extinction and, in some cases, transforms. Space limitations do not allow charts for these fields, but with the excellent planetarium programs available that should be no obstacle.
As you can see, there's quite a bit of ground to cover. While I believe this book truly is a practical guide to photometry and lightcurve analysis, it is by no means the final word. I urge you to find a copy of at least the Henden/Kaitchuck book and wear out its pages almost as much as I have over the years. Steve Howell's book, Handbook of CCD Astronomy, is also a good read as is Bill Romanishin's primer used for his college courses. The more you know about the process and how things can go wrong (and right), the better a photometrist you'll be.
However, never forget that you can do excellent work without knowing everything and that you don't need to know everything before you start. Gather some photons, work some easy targets at first, and before you know it, you'll have your own gallery of lightcurves.
Targets of Opportunity
The fields of astronomy and astrophysics are evolving so rapidly that it's nearly impossible to keep up. What a textbook presents as current knowledge can be outdated in less than a year, even a few months. The same problem exists when trying to list targets of lightcurve opportunities. Theories and discoveries regarding asteroids have changed somewhat dramatically since the first edition of the Practical Guide and so some items have been dropped from the original list only to be replaced by others or at least take on a different focus or priority.
Variable stars are no less different and new finds require, in some cases, prolonged and/or constant monitoring of some targets. Chasing after outbursts in cataclysmic variables or sudden, unexpected behavior in an eclipsing binary can easily occupy your observing schedule. Don't feel compelled to work only one type of object, unless that's what really interests you. In my case, I work asteroids almost exclusively. Others will split their observing time among asteroids, variables of one type or another, and maybe make an occasional foray into supernovae hunting. Again, there is no shortage of things to do.
Asteroids
There is much more than the rotation rate of an asteroid to be determined by getting its lightcurve. With the data used to make a lightcurve, you can help reveal not only the secrets of the asteroid but also the formation of the solar system. Here are just some of the things that can be done with or learned from asteroid lightcurves.
Determine the Size and Shape of Asteroids
The inversion of lightcurves into a shape and/or pole orientation (spin axis) is a very complex process that for many years did not produce the best results. That has changed in recent years with work by such astronomers as Mikko Kaasalainen and Steve Slivan. What's important here is that one or two lightcurves will not do. In order to get the best results, lightcurves must be obtained when the asteroid is at significantly different aspect angles (or viewing angles). This is not for just one apparition, i.e., the period of a few weeks or months spanning opposition or brightest appearance, but for several different apparitions. With each apparition, the spin axis of the asteroid likely has a different angle from the line of sight to the observer.
Imagine looking at a spinning potato with the spin axis at right angles to the line of sight. Then imagine how the lightcurve might look. As the potato rotates on its axis, you see two maximums -when looking at the two broadsides of the potato, -and two minimums -when looking down the length at either end of the potato. Now imagine what you would see when looking at the potato from the top, when the spin axis is on the line of sight. In this case, you see very little, if any, variations. Now, imagine the curve if the axis was pointing somewhere between these two extremes or if the potato was partly peeled. Go further and try to imagine the curve if the asteroid is shaped more like a dog-bone, or a three-or foursided pyramid, or a highly irregular chunk created by the collision between two asteroids.
By using the refined inversion process, the researcher can use the changing amplitude of the curve for each apparition and determine the pole orientation. With enough curves, the shape of the asteroid can be found. Often five to seven curves are just enough. Of course, there is a point of diminishing returns but that is rarely reached since many lightcurve observers make the mistake of assuming that once the period is determined yet another curve has no significant value.
On an historical note, the famous astronomer Henry Norris Russel "proved" in a 1906 paper that it was impossible to determine the shape or albedo distribution (map of the light and dark areas) of an asteroid from its lightcurve. Russell argued that even a cigar-shaped asteroid could be "painted" so that it was faintest when seen broadside. This paper set back asteroid lightcurve studies for nearly 75 years, until some more careful analysis and research showed that asteroids, through the collisional erosion process, paint themselves to an almost uniform gray. There can be albedo differences from one asteroid to the next, but to a very good approximation, each asteroid can be considered uniform in color and brightness.
Search for Binary or Other Unusual Asteroids
Not so long ago the thought that an asteroid could have a satellite was unimaginable. Now, several dozen asteroids are known to be binaries. Of particular interest is that about 15-20% of NEO (near-earth object) asteroids are thought to be binaries. How did such small bodies, generally <10 km, come to have satellites that are usually between 20-50% the size of the parent? Recent discoveries of binaries among the Hungaria family and Vestoids are starting to show some interesting results. Foremost among them is that the spin rates and binary population are similar to those of the NEO population. This seems to contradict previous theories that had the spin rates of NEOs affected to a large degree by planetary perturbations (NEOs cross the orbits of Mars and/or Earth). If both planet-crossing and non-planet-crossing asteroids have similar spin rates and binary populations, then some other force may be at work. The YORP effect is a primary candidate. How-ever, the sampling of the Hungaria spin rates stands at about 1% of the known population (mid-2005) , which is hardly sufficient to establish the facts with certainty. It's particularly important when you're working asteroids that are potentially binary that you not give up too soon. It hasn't been that long since binary asteroids were first found and observers started looking for clues in the lightcurves. Before that time, it's very possible that observers working asteroids that had the right size and period (<10 km, 2-5 h) to make them binary candidates obtained data for only two or three nights before moving on. Had they gone just a little longer, they might have found that the asteroid actually was a binary by seeing an unexpected deviation from the curve, usually a dimming of 0.01-0.03 m. This doesn't mean that you sit on an asteroid for weeks, but that from time to time you work a likely candidate an extra day or two. If nothing else, the precision and accuracy of the period will be improved.
Find the Correlation Between Rotation Rate and Size
There is a strong barrier against rotation rates of less than about 2.25 hours, even among very small asteroids. This is the rate below which centrifugal force would cause a loose conglomerate of rocks to fly apart against its own self-gravity. This lends further support to the rubble pile structure of even small asteroids. On the other hand, a number of asteroids have been found with periods considerably less than 2.25 hours, some on the order of a few minutes. These must be monolithic rocks and not rubble piles or they would fly apart.
Determine the H and G Values of Asteroids
The H and G values are often found in lists of asteroid elements. What are they and why are they important? The H value is the absolute magnitude of the asteroid. This is the brightness of an asteroid at a distance of 1 astronomical unit (AU) from both the Earth and Sun and at 0° phase angle. There is a direct, though complex, correlation between H and the size of the asteroid, one that accounts for the albedo, which is the ratio of sunlight reflected versus received.
Having an accurate H value gives the approximate size. This helps establish the correlation between size and rotation rate. It also helps establish the size against taxonomic class, orbit parameters, and other factors. This is all information that's needed to develop theories on the evolution of the asteroid belt and, by extension, the solar system. It's also critical for developing plans to deal with the threat of an asteroid hitting the Earth. Believe me, it's not so simple as sending a crew of oil well workers to blast the thing into a million pieces (a number of which would still be on a collision course to Earth).
If simple geometry were all that was needed to predict the brightness of an asteroid, the H value along with Sun and Earth distances would be sufficient to make that calculation. However, there is a dependency on the phase angle of the asteroid, which is described by the value G. Sometimes called the slope parameter, G describes the brightness of the asteroid based on phase angles from 0° (opposition) up to about 120°. The term slope parameter comes from the fact the magnitude-phase relationship is nearly linear and so a plot is a line with a constant slope. That linearity breaks down when the asteroid is within about 7° of opposition and the opposition effect comes into play.
The opposition effect causes asteroids (and the moon, too) to be brighter at small phase angles. In general, the cause of the effect deals with the way light is reflected and scattered when the source of illumination is nearly perpendicular to the illuminated surface.
So, how does getting a lightcurve help determine these values? First you must find the average brightness of the asteroid, corrected to standard Earth and Sun distances of 1 AU each by applying the formula V R = V -5*log 10 (∆*R)
( 2.1) where V is the measured average magnitude, while ∆ represents the distance from Earth and R the distance from the Sun in astronomical units (AU).
If you simply take a single-magnitude reading periodically, you won't be accounting for the asteroid's brightness variations due to rotation, and so each value might above or below the average brightness. By having an accurate lightcurve period and amplitude, you can adjust each magnitude appropriately and get the asteroid's average brightness for that time.
A number of distance-reduced average magnitudes plotted against phase angle should produce a linear regression solution (except for about ±7° of opposition). G is the slope of the line from that solution. The value of G is then used to reduce the magnitude of the asteroid to 0° phase angle. This gives the value of H. The H and G values are measured in the standard Johnson V band. This means that if you plan to determine these values in addition to the period, you must have at least some measurements that are in or can be reduced to this band. You can read more about this type of work in Richard Binzel's chapter in Solar System Photometry (see the Bibliography).
Assist Radar Observations of Asteroids
Astronomers use high-powered radar systems, such as the Arecibo radio telescope in Puerto Rico, to bounce signals off nearby asteroids. A considerable amount of information about the asteroid can be determined by measuring what happens to the frequency of the returned signal (changed by the Doppler effect) and the time it takes the signal to go to the asteroid and return. Some very amazing "images" have been generated as a result of radar observations. These are not true images in the usual sense of looking through an optical telescope. Instead they represent fre-quency shift and distance. With a little imagination, one can "see" the shape of the asteroid and determine whether or not it has a satellite. Ground-based lightcurve observations can help establish limiting parameters before radar observations begin, allowing the astronomers to determine if the radar observations have a reasonable chance of providing useful data. For example, if the asteroid is rotating too slowly, the frequency shift caused by rotation may be difficult to detect since it is so small. Lightcurve observations obtained at the same time as the radar observations are also used to help constrain the results found by the radar observations.
Remove Observational Biases
There are several biases in the current sample of asteroid lightcurves. All of these skew the results of studies using rotation rates and may lead to inaccurate conclusions about the formation of the asteroid system.
Bright and Large
It's easy to work the bright, and by inference -larger -asteroids. There's no harm in doing that if the work you're doing is to help make the shape and/or pole determination of the asteroid. What's very much missing from the data pool is the smaller (fainter and/or more distant) asteroids. As noted above, there appears to be a barrier regarding rotation rate and size. There may be other barriers or plateaus not yet recognized because there is insufficient data. Working faint targets means noisier data. As shown in Fig. 2 .1, the data for each individual run on the asteroid was fairly noisy, and it would have been difficult to establish good lightcurve parameters based on just one or two nights. However, by getting a number of runs, the noise averaged out and the period analysis code was able to determine the period with a high degree of precision. 
Close to Home
Somewhat tied to bright and large is the bias against asteroids outside the main belt. Near-earth objects (NEOs) are covered in great detail as they go zipping past Earth. This is understandable as these objects present a potential impact danger. Main belt objects, orbiting between Mars and Jupiter, are easy to find and follow. The larger ones are well known and studied. However, there are classes of asteroids that require extra attention.
Among these are high-inclination objects, Mars crossers (asteroids that come between the orbit of Mars and the Earth), and Trojans and Centaurs. Trojans are asteroids that are in the same orbit as a planet (usually Jupiter but also Mars and other planets) but are either 60° ahead or behind the planet itself. The Centaurs are objects that have orbits that are outside Jupiter and inside Neptune.
Being in a special class, these asteroids represent something unique, or at least not as common, in the overall asteroid family. Getting more information on these classes, including lightcurves, builds the data pool from which researchers can develop theories on the evolutionary processes that created the class.
Slow Rotators
There are asteroids on which a workday would seem interminable. For example, there's (288) Glauke where the time for a single rotation is about two months. When an observer first works one of these targets and sees no or very little change in the curve over a few hours, the temptation is to move on to something more easily determined. The instant gratification is missing.
Working one of the slow rotators is more difficult because it means sticking with the object for long periods of time and almost demands the necessity of reducing to standard magnitudes because you must use a number of comparison stars in differential photometry. However, the need to discover and then obtain good lightcurve data on these targets is critical for developing theories that fully explain their origin and evolution.
Variable Stars
It's probably much easier to convince a newcomer to do lightcurves of variable stars. The thought of Algol and other famous variables often comes to mind and there are many easy targets where the lightcurves are decidedly regular and not overly complex. After working an asteroid where adding another run of data seems only to make finding a solution less likely, it's often a pleasure to work one of the regular variables with its very predictable curve. What follows is brief description of some of the types of variable stars and what can be learned from the lightcurve of each. It is by no means an exhaustive discussion. There are whole books on the subject. Though a bit dated and hard to find, I particularly like J.S. Glasby's Variable Stars. The Bibliography has a listing of recommended books.
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2.2.1
What's in a Name?
You'll rarely see a variable referred to by a common name. "Algol" and "Mira" are far more exceptions than the rule. Nor do you often see the designation as a Greek letter, e.g., Beta Lyrae. Instead, you'll see things such as "W UMa" or "V344 Sagittarii." A look back shows how this came about. The first variable found in a constellation was given the designation "R". The second variable was named "S", and so on. After "Z", the sequence started again but with two letters, i.e., RR was the tenth variable in the constellation, followed by RS, RT, and so on. That wasn't enough for some constellations, especially those containing the Milky Way, and so the next round went SS through SZ, then TT through TZ, and continued until ZZ was reached. This allowed for 54 variable stars in a constellation. That still wasn't enough.
To extend the sequence, astronomers went back to the beginning and used AA through AZ, then BB through BZ, and so on. Note that no designation has the second letter earlier than the first. You won't find a CA or QF anything. The end of the road was reached when a star was given the designation QZ (RR would be next but that was taken a long ways back). That still wasn't enough.
Constellations such as Sagittarius, Aquila, and Cygnus have many more than the 334 variables allowed by the sequence so far. A little practicality came into the picture at this point: The 335th variable in a constellation was called "V335." That's very simple and you might wonder why V1 wasn't the first variable. Astronomers, like everyone else, are not always logical.
Appending the official three-letter designation of the constellation in which the variable is found completed the name. For example, AND is for Andromeda and UMa stands for Ursa Major. You'll find a complete list of constellation names and three-letter designations in one of the appendices.
Eclipsing Binaries (Extrinsic Variables)
Eclipsing binaries are made of two stars moving in orbits about a common center of mass. They are also called extrinsic variables because, for the most part, their variability is not caused by actual changes to either of the stars. Instead, the cause is the result of each star's hiding all or part of the other as the two move in their orbits. Of course, there are exceptions and sometimes one or both of the stars is variable on its own. Those are left for additional reading.
There are several classes of eclipsing binaries, the Algol-type being one. This is where there are two, well-separated stars with one star usually much hotter and smaller than the other. The lightcurves often show significantly different amplitudes for the two minimums, the deeper one being the primary eclipse and the result of the hotter, brighter star being eclipsed by the other star. Fig. 2 .2 shows one example of an Algol-type lightcurve. In many of these, the secondary minimumat the middle of the plot -is deeper and also has a flat bottom. There are two other common types of eclipsing binaries, the Beta Lyrae and W UMa. Both are characterized by the two stars being extremely close to one another, the main differences being how close and the spectral type of the stars.
The Beta Lyrae stars are close to one another but not in contact. Being so close, the shapes of the two stars are highly distorted, almost like two eggs. They are early main sequence stars, i.e., usually B or A. Due to tidal effects, the two stars are usually in synchronous rotation, meaning the same side of each star faces the other, but this is not always the case. The lightcurve shows a continuous variation with no flat portions in the curve and there is usually a distinct difference in amplitude between the two minimums. From many studies, it appears that the secondary star is the less massive of the two and is most likely a sub-giant star. The masses and diameters of both stars are generally much larger than the Sun.
The W UMa group differs in that one or both stars have expanded beyond their Roche limits. If both stars overfill the limit, the system is a contact or overcontact binary. If only one of the two stars fills its Roche limit, then the system is a semi-detached binary. The stars in a W UMa system are generally of type F or later. The lightcurve periods are well under a day, sometimes less than one-quarter of a day, and have almost equal depths for the primary and secondary minima. The relative depths of the two minima can change over time, and even from one cycle to the next. This makes it extremely difficult to determine a model for the star from the lightcurve alone. Fig. 2.3 shows a typical close binary system lightcurve. The spectral type for this particular system indicates that it is probably a W UMa type, despite the fact the depths of the minima are not quite equal. Modeling of a system based on this curve and the assumed temperatures also support favoring that classification.
Eclipsing Binary Lightcurve Characteristics
The lightcurve of an eclipsing variable can tell quite a bit about the system, besides the obvious of the period of revolution.
Orbit Shape (Eccentricity)
Assume the inclination of a binary system is 90°. If the orbit is circular, the primary and secondary minimums are equally spaced, meaning the time from the primary to secondary minimum is the same as the secondary to primary. Fig. 2 .2 shows such a case.
Figure 2.4
The effect of an eccentric orbit on the lightcurve of an eclipsing binary. If the orbit of the binary system is not circular, i.e., eccentricity is >0, then the position of the secondary minimum is not exactly half the distance between two successive primary minima. The amount of shift indicates the degree of eccentricity. The shift is also dependent on the orientation of the orbit to the line of sight. See the text for a more detailed explanation.
If the orbit is not circular, then the minima may not be equally spaced. This follows Kepler's law that says an object moves faster when near the center of mass and slower when farthest away. The angle between the semi-major axis of the orbit and the line of sight affects how the curve is changed due to an eccentric orbit. If the line of sight down the semi-major axis (the longitude of periastron is 90° or 270°), then the minima will be equally spaced but they will be of different durations. If we're looking broadside to the semi-major axis, then the duration of each eclipse would be the same and the curve in would resemble Fig. 2.4. 
Orbital Inclination
Imagine a system with one star larger than the other. If the inclination of the orbit is 90°, such that we're seeing it edge on, then during primary minimum, the primary star is totally eclipsed by the larger star. Half an orbit later, when the primary goes in front of the secondary, the eclipse is not total. If the secondary is significantly larger than the primary, e.g., Zeta Aurigae where the secondary is about 300 times larger than the primary, it's better to call the event a transit instead of annular eclipse. In this situation, the primary minimum is flat for the time that the primary is eclipsed. The secondary minimum shows a flat portion as well, though the depth of the minimum is usually much less that the primary minimum. If the inclination is not 90°, then it's possible that neither star is completely covered, in which case, there is no flat portion to the curve at either minimum. In addition, the secondary minimum is sometimes very small and would be undetectable were it not for photoelectric or CCD photometry.
Reflection Effect
Figure 2. Fig. 2 .2 that after the primary eclipse is over, the curve is not flat from that point to the beginning of the secondary minimum. This is due to what's called the reflection effect. It's really not a reflection of the primary's light off the surface of the secondary that causes this but the extra heating of the side of the secondary closest to the primary. The additional heating makes that side a little brighter, which causes the slight rise leading up to and the parallel decline following the secondary minimum in a curve such as in Fig. 2.2 . What you see in Fig. 2 .5 is a case of reflection effect taken to extremes.
Limb Darkening
If you've seen images of the Sun you've probably noticed that the edge of the disc appears fainter than the center. This is because when you're looking at the center of the disc, you're looking into the deeper and hotter portions of the solar atmosphere. When you look at the limb, you're looking at the higher, and cooler, layers of the immediate solar atmosphere. This effect is seen in a lightcurve as a rounding of the bottom of a minimum, where the "shoulders" going into and out of the primary minimum. Instead of being sharp boundaries they are rounded a bit. The overall shape of the primary minimum changes as well, as you'll see later in the analysis section of the book.
Cataclysmic Variables
Cataclysmic variables are among the most interesting stars you can observe. They often lie dormant, but sometimes, literally in a burst of excitement, they suddenly brighten to many times their normal state. These outbursts are somewhat predictable but never with great certainty. This means getting many images that show nothing unusual but, if you're lucky, some that catch the beginning or at least part of an outburst. CVs are binary stars. One is a normal star, usually of type F or G -much like our Sun. This star is usually the secondary star of the system. The primary is a white dwarf, a very hot and dense compact star. The two stars usually orbit one another in from one to ten hours and occupy a total space not much larger than the Earth-Moon system.
Material from the cooler star is pulled towards the dwarf at tremendous speeds and with enough energy to create massive amounts of x-rays during the accretion process. This action results in a disc of material around the primary star (an accretion disc). There are actually several subclasses to CVs. The common trait is that they display outbursts of activity but of varying frequency and amounts.
Cepheids
The Cepheids are named after the prototype, Delta Cephei, and are some of the most important stars in the history of astronomy. Many years ago, it was determined that there is a very strong correlation between the period of a Cepheid star and its actual luminosity. By finding the period of a Cepheid, one could then derive its distance by comparing its actual magnitude versus its absolute magnitude. It was later determined that there are two types of Cepheids (to be absolutely correct, of Classical Cepheids), each with its own period-luminosity relationship.
Once this was discovered, the "size" of the universe nearly doubled as distances were modified to match the new information. Cepheids are like balloons, expanding and contracting at very precise and regular intervals. As they change size they also change spectral class, i.e., they change color. What's more is that the stars are not at their brightest when also at their smallest. Instead, they are brightest about a quarter of a cycle after minimum size. This paradox is solved if you keep in mind that surface area has a considerable effect on total luminosity. While the star is a bit cooler after minimum size, its larger size makes up the difference.
Long Period (Mira) Variables
The first Long Period Variable (LPV) to be discovered was Mira (Omicron Ceti). Bayer noted it in his catalog as being fifth magnitude in the early seventeenth century, while Fabricius cataloged it as second magnitude in 1596. Holwarda finally confirmed the period of about 330 days in 1638, showing that the star varied from second to tenth magnitude. LPVs do not have rigidly fixed periods, varying by as much as 10%-15% from one cycle to the next. There is also no real consistency to the shape of the curve, even for the same star. Visual observers often follow these types of stars since they change slowly and have amplitudes on the order of several magnitudes.
These are not particularly "hot targets" for photometric work because of their long periods. Following a star for 330 days is not always practical and really requires using filtered observations so that the data can be accurately reduced. However, with the automation equipment and software available these days, it would not be difficult to take measurements of some LPVs every week or so as you concentrate on other targets. Of particular interest is to follow the stars in V and then R or I since they are much brighter in the redder regions.
Semi-Regular Variables
These stars can't make up their minds. The have a strong tendency towards being predictable but then often go astray. What periods can be assigned to them range from 20 to 1,000 days. The amplitude of the lightcurves is much less than for the long period variables, being more on the order of 2.5 magnitudes or less. The group, generally known as SR, is usually broken into several groups, SRA through SRD, and probably more, depending on who's doing the classification. The SRA stars have periods longer than 35 days, while the SRBs have less well-defined periods starting at 20 days. Again, the term period is used loosely since these red giant and supergiant stars do not show the higher degree of regularly of even the not-so-regular long-period variables.
Other Targets
Extra-Solar Planets
As of mid-2005, more than 150 planets circling a star other than ours were known and the number is constantly growing. There are two main approaches to finding extra-solar planets. The first involves carefully monitoring the position of the star and noting any "wobble" in the star's position. The slight back and forth change in position is caused by one or more planets having sufficient mass so that the center of mass of the extra-solar system is measurably different from the physical center of the star. As the planets and sun move about the common center of mass, the star's position shifts slightly. The amount of the wobble and any periodicity in that wobble help determine the number and masses of any planets. The second approach is the one of most interest here. A planet of sufficient size crossing in front of the star will cause the star's light to dim, sometimes by only 0.01-0.02 m, even less. This may seem very small, but with careful work, these transits can be easily observed. Most stellar candidates for monitoring are bright and require short exposures, sometimes requiring a filter to prevent saturating the CCD chip and avoid scintillation noise (see "Seeing and Scintillation" on page 35). Fig. 2.6 shows data of an extra-solar transit collected by California amateur Robert Stephens, whose observatory is deep within the light pollution of the Los Angeles area. This points to one of the great advantages of CCDs, namely, the ability to get useful data even under less than perfect conditions such as heavy light pollution.
Novae and Supernovae
Many novae are actually binary stars, and so you could put them in that category. However, novae often provide a much more dramatic rise and fall and catching one on the upswing and then following it back to its quiescent state can provide valuable information. Should you have the equipment to monitor a supernova, your data can be of even greater value. Usually professionals will jump right on a
